Introduction {#s01}
============

A large class of K^+^ channels displays a time-dependent phenomenon called C-type inactivation by which a reduction in the probability of the conductive state occurs upon prolonged activation ([@bib24]). The functional coupling between activation and inactivation, a hallmark of K^+^ channels, is of great physiological importance. For example, in neurons, the onset and duration of the conductive state of voltage-gated K^+^ channels, which are directly modulated by the interplay of activation and inactivation, underlie the action-potential firing rates, and impaired inactivation can lead to a variety of neurological disorders ([@bib1]; [@bib54]).

The pH-activated potassium channel from *Streptomyces lividans* (KcsA) has served as a critically important prototypical model system to identify the structural features associated with C-type inactivation at the molecular level ([@bib7], [@bib8]; [@bib11], [@bib12]; [@bib16]). It is observed experimentally that KcsA inactivates within seconds after activation at low pH ([@bib11], [@bib12]; [@bib10]). There is strong evidence from functional data ([@bib11], [@bib12]; [@bib10]), x-ray crystallography ([@bib66]; [@bib15],[@bib16], [@bib17]), NMR spectroscopy ([@bib63]), and computations ([@bib50]; [@bib49]; [@bib63]; [@bib40]) that the C-type inactivated state of the KcsA channel is associated with the constricted conformation of the selectivity filter. In particular, x-ray structures of the KcsA with the intracellular gate fully open showed that the inactivated state corresponds to a "constricted" conformation of the selectivity filter ([@bib15],[@bib16], [@bib17]; [@bib60]).

The constricted conformation of the filter was first observed in a KcsA structure with a closed intracellular gate at low concentration of K^+^ ions (PDB ID [1K4D](1K4D); [@bib66]). By comparison to the canonical conductive filter (PDB ID [1K4C](1K4C)), this "low-K" conformation is characterized by a narrowing at the central glycine residue at position 77 at the center of the signature sequence TTVGYGD of the selectivity filter. Furthermore, water molecules bound behind the filter of the KcsA channel are indispensable to stabilize the constricted conformation ([@bib49]; [@bib63]). These water molecules must be released for the filter to return to a conductive conformation, explaining the long kinetics timescale to recover from C-type inactivation. Broadly emerging from these studies is the view that the constricted conformation of the selectivity filter offers an accurate representation of the C-type inactivated state in KcsA.

Despite the progress, the conformational dynamics of the inactivation process remain poorly understood, and the structural underpinnings of C-type inactivation in the KcsA channel remain controversial ([@bib20]; [@bib46], [@bib47]; [@bib42]; [@bib40]). This has even led some to openly question the functional significance of the constricted filter, arguing that it might correspond to a deep conformational state that becomes accessible only on a very long timescale during crystallization ([@bib20]; [@bib46]). To resolve these issues, it is essential to go beyond static x-ray structures with dynamical considerations ([@bib40]). Nonetheless, numerous questions remain unanswered regarding the activation/inactivation process in the KcsA channel, e.g., what controls the duration of the conductive period upon activation, is the conductive filter a long-lived metastable state upon opening of the intracellular gate, is the constricted filter physically and kinetically accessible within a microscopic timescale, and what are the factors modulating the interplay of activation and inactivation?

The goal of the present study is to elucidate the conformational dynamics of the inactivation process in the KcsA channel at the molecular level. To provide the maximum amount of information at the atomic level, a computational approach based on MD simulations is adopted here. The results from multiple MD trajectories and free energy calculations show that the selectivity filter of the KcsA channel remains conductive as long as the intracellular gate is not fully open, but that it undergoes a rapid and obligatory transition to a constricted nonconductive conformation on a microsecond timescale once the gate is fully open. In line with these computational results, macroscopic current recordings show that deletion of the C-terminal domain sharply increases the rate and extent of inactivation compared with the full-length KcsA channel, which is consistent with the fact that full-length KcsA is less open than the truncated form of the channel in a previous report because of the restraints of the C-terminal domain ([@bib61]; [@bib18]). It is concluded that the long conduction period observed experimentally corresponds to long-lived states of the channel with an activation gate that is partially open.

Materials and methods {#s02}
=====================

Atomic models of the WT KcsA were constructed based on crystal structures, i.e., PDB IDs [1K4C](1K4C) ([@bib66]), [3FB5](3FB5) ([@bib16]), [3FB6](3FB6) ([@bib16]), and [3F7V](3F7V) ([@bib16]), which represent a spectrum of structural states with the inner gate closed, partially open, and fully open. The selectivity filter is conductive in crystals structures 1K4C, 3FB5, and 3FB6, but constricted in 3F7V. The computational study was performed before a high-resolution x-ray structure of the inactivated channel with open gate recently became available ([@bib17]). To produce a fully open/conductive model from the 3F7V structure, the 2.0-Å resolution x-ray structure 1K4C was used as a template. The filter was aligned to the channel using the backbone atoms of residues 65--74 and 80--84 such that the backbone atoms of the filter residues 74-80 could be used as target coordinates for harmonic positional restraints (force constant 100 kcal/mol^−1^). Once the filter coordinates matched that of 1K4C, K^+^ ions were swapped into the filter at positions S0, S2, and S4, respectively, with a water molecule in between. The restraints on the filter were then linearly scaled to zero over a period of 10 ns during the final stages of equilibration. The transmembrane α-helices TM1 and TM2, incomplete in 3F7V, were extended to obtain a construct comprising residues 22 to 124. After energy minimization, the conductive filter was restrained for 50--100 ns to relax any unfavorable contacts destabilizing the filter. The conformational change of the selectivity filter was monitored by following the cross-subunit distance between the Gly77 Cα atoms of the two pairs of diagonally opposed monomers.

For all MD simulations, the channel was embedded in a bilayer of 3POPC:1POPG lipids and solvated in 150 mM or 200 mM KCl using the web service CHARMM-GUI ([@bib29], [@bib30]). Most residues were assigned their standard protonation state at pH 7. The residue Glu71 is protonated to form a key hydrogen bond with Asp80 for the normal function of selectivity filter ([@bib13]; [@bib6]), while His25, Glu118, Glu120, and His124 were protonated in different combinations to test the dynamics of activation gate. The total number of atoms in the MD systems is on the order of 41,000. The CHARMM force field PARAM36 for protein ([@bib44], [@bib45]; [@bib5]), lipids ([@bib34]), and ions ([@bib3]) was used. Explicit water was described with the TIP3P model ([@bib31]). The models of KcsA were refined using energy minimization for at least 2,000 steps, and the ions and nonfilter backbone atoms were kept fixed throughout the minimization procedure. All the simulations were performed under NPT (constant number of particle N, pressure P, and temperature T) conditions at 310 K and 1 atm, and periodic boundary conditions with electrostatic interactions were treated by the particle mesh Ewald method ([@bib19]) and a real-space cutoff of 12 Å. The simulations use a time step of 2 fs, with bond distances involving hydrogen atoms fixed using the SHAKE algorithm ([@bib56]). After minimization and equilibration with harmonic positional restraints on all of the Cα atoms, the equilibrated systems were simulated either using NAMD version 2.11 ([@bib53]) or on the special purpose computer Anton (Pittsburgh Supercomputer Center; [@bib58]). All of the equilibrium or nonequilibrium simulations performed for this study were summarized in [Table 1](#tbl1){ref-type="table"}.

###### List of simulations for WT KcsA with different opening degrees of inner gate

  **Traj ID**   **PDB**[^a^](#ttbl1n1){ref-type="table-fn"}   **Intracellular gate**[^b^](#ttbl1n2){ref-type="table-fn"}   **Runtime (ns)**   **Protonated residues**   **Ion concentration (mM)**
  ------------- --------------------------------------------- ------------------------------------------------------------ ------------------ ------------------------- ----------------------------
  1             3F7V[^c^](#ttbl1n3){ref-type="table-fn"}      Fully open (23 Å)                                            1,600              H25,E71,E120,H124         200
  2             3F7V[^c^](#ttbl1n3){ref-type="table-fn"}      Fully open (23 Å)                                            340                H25,E71,E120,H124         150
  3             3F7V[^c^](#ttbl1n3){ref-type="table-fn"}      Fully open (23 Å)                                            1,130              H25,E71,E120,H124         150
  4             3F7V[^c^](#ttbl1n3){ref-type="table-fn"}      Fully open (23 Å)                                            450                H25,E71,E120              200
  5             5VK6[^d^](#ttbl1n4){ref-type="table-fn"}      Fully open (22 Å)                                            10,000             H25,E71,E118,H124         150
  6             3FB6                                          Partially open (16 Å)                                        500                H25,E71,E118              200
  7             3FB6                                          Partially open (16 Å)                                        1,000              H25,E71,E120,H124         200
  8             3FB6                                          Partially open (16 Å)                                        1,200              E71,E118                  200
  9             3FB5                                          Partially open (14 Å)                                        1,000              H25,E71,E120,H124         200
  10            3FB5                                          Partially open (14 Å)                                        1,000              H25,E71                   200
  11            1K4C                                          Closed (11 Å)                                                1,500              E71                       200
  12            3FB6[^e^](#ttbl1n5){ref-type="table-fn"}      Partially open (17.5 Å)                                      110                H25,E71,E120              1,000
  13            3F7V[^e^](#ttbl1n5){ref-type="table-fn"}      Fully open (23 Å)                                            190                H25,E71,E120,H124         1,000

This is the crystal structure used as the initial conformation in MD simulations.

The cross-subunit distance (shown in parentheses) between the Cα atoms of Thr112 of diagonally opposed monomer was used as an indicator for the opening degree of the inner gate in the initial conformation.

To produce an open-conductive model from the 3F7V structure, which displays a constricted filter, the 2.0-Å resolution x-ray structure 1K4C was used as a template, and the filter was aligned to the channel using the backbone atoms of residues 65--74 and 80--84. The backbone atoms of the filter residues 74--80 have been restrained to maintain the conductive conformation in the initial phase of MD simulations. Video 1 shows the conformational transition in Traj-1 (0--800 ns).

An alternative open-conductive model based on the open-conductive crystal structure 5VK6 for mutant E71A. In the initial conformation of this simulation, residue 71 was mutated back to Glu as the WT. In addition, the original disulfide bonds in the crystal structure were removed by mutating all of the relevant residues back to WT.

These simulations were performed to test the permeability of partially opening inner gate. To collect enough sample within limited time, the ion concentration is higher than other simulations, and these are the only two trajectories with external electric field (300 mV). In addition, the initial conformations of Traj-12 and Traj-13 were snapshots, respectively, from Traj-6 and Traj-1, and the inner gate was restrained as 17.5 Å and 23 Å through the whole trajectory.

Two sets of two-dimensional potential of mean force (2D-PMF) calculations were performed in two states, respectively, with partially open (∼15 Å) and fully open (∼23 Å) gates. The 2D-PMFs (see [Fig. 4](#fig4){ref-type="fig"}) with respect to the two coordinates were calculated using NAMD 2.11 ([@bib53]). One reaction coordinate r describes the width of the selectivity filter and is defined as the average cross-subunit distance between the Cα atoms of Gly77, whereas the other reaction coordinate z indicates the position of the external K^+^ ion along the z axis relative to the center of the selectivity filter. The region of interest in the (r, z) space was covered by a grid of equally spaced umbrella sampling (US) windows. To improve the statistical sampling, the US calculations were performed using Hamiltonian replica-exchange MD (US/H-REMD; [@bib59]; [@bib28]). Some initial coordinates for the US windows were taken from the unbiased trajectories. Initial coordinates for the missing windows were obtained by driven MD simulations along the reaction coordinates to the space of the missing windows. Different from previous studies ([@bib49]), there is no restraint on water molecules to access or leave the inactivating water binding site behind the selectivity filter. All of 85 windows were extended to 100 ns, and the total aggregate simulation time for the two sets of US/H-REMD calculations is 17 µs. Exchange attempts were made every 500 steps (or 1 ps of simulation of time), and neighboring windows were swapped if the Metropolis Monte Carlo exchange probability was satisfied. Windows were unbiased using the weighted histogram analysis method ([@bib36]; [@bib55]), which only required that the US windows were generated according to Boltzmann statistics.

WT full-length and C-terminal domain--truncated KcsA (the C-terminal domain \[35 amino acids\] was removed by incubating the full-length channel with chymotrypsin (Sigma) in a 1:50 mass:mass ratio for 2 h, and then the truncated version of the WT channel was purified by size exclusion chromatography) were reconstituted at a 1:100 channel-to-lipid ratio (mass:mass), to obtain in a reliable way macroscopic currents recordings, in preformed Asolectin liposomes (Avanti Polar Lipids) that were made by sonicating a thin film of dried lipids in the following buffer: 200 mM KCl and 5 mM MOPS buffer (Sigma) at pH 7.0 (reconstitution buffer; [@bib14]). The mixture of KcsA (full-length or C-terminal--truncated) and liposomes (10 mg/ml of lipids) was incubated with Bio-Beads SM-2 (100--150 mg of wet beads; Bio-Rad) for an overnight period. Next day, the proteoliposome suspension was spun down at 100,000 *g* for 1 h. The resulting pellet was resuspended in 60 µl of reconstitution buffer. Next, 20-µl drops were placed on a microscope glass slide and dehydrated overnight in a desiccation chamber under constant vacuum. The next day, the samples were rehydrated by adding 20 µl of reconstitution buffer at 4°C overnight. After 24--48 h of rehydrating the sample, giant proteoliposomes were observed that were suitable for patch-clamp measurements, usually yielding robust macroscopic currents recordings. KcsA electrophysiological measurements were carried on in symmetrical 5-mM MOPS at the desired pH in the presence of 200 mM KCl. KcsA macroscopic current recordings were recorded from several independent experiments (*n* = 28 for the full-length and *n* = 38 for the C-terminal--truncated channel) with a patch-clamp amplifier Axopatch 200B, and currents were sampled at 10 kHz with an analogue filter set to 10 kHz. Patch pipettes, after fire polishing, displayed a resistance of 2.0 MΩ (they were filled with 200 mM KCl and 5 mM MOPS buffer at pH 4.0). KcsA macroscopic current recordings were analyzed with Clampfit 9.2, and the inactivation time constants were obtained by fitting single monoexponentials to the time-dependent decay of the current amplitude ([@bib9]).

Online supplemental material {#s03}
----------------------------

Fig. S1 shows the comparison of the x-ray structure of the open-inactivated state (3F7V) with the open-conductive state for the noninactivating mutant E71A (5VK6) and the fluctuations from simulations. Fig. S2 shows the pathway for the entry of the inactivation water molecules behind the selectivity filter. Fig. S3 shows key contacts between the selectivity filter and TM2 for the allosteric coupling between gates in an open/constricted structure. Fig. S4 shows simulations results for the mutant F103A and I100A. Fig. S5 shows correlation between Thr74-Gly79 and Gly77-Gly77 distances during the conductive-to-constricted transition for the selectivity filter. Fig. S6 shows the dynamics of the inner gate during the simulations. Video 1 shows the conformational transition from Traj-1.

Results {#s04}
=======

Spontaneous filter constriction during MD simulations {#s05}
-----------------------------------------------------

C-type inactivation pertains to the time-dependent interconversion of the conductive selectivity filter toward a nonconductive state in response to an activating stimulus. To specifically model the KcsA channel in the functional state with an open intracellular gate and a conductive filter that (putatively) exists just after complete activation, two different approaches were used to build fully open structures with conductive filter for simulations. The first structure is based on the x-ray structure 3F7V with deleted C-terminal domain (residues 125--160) together with a conductive selectivity filter (substituted from the x-ray structure 1K4C). The second one is built based on a recently available crystal structure that represents a fully open/conductive conformation for the KcsA E71A mutant. All of the mutations in the latter structure were reverted back to WT, and the C-terminal is similarly truncated. The conformational state of the selectivity filter is monitored by following the cross-subunit distance between the Cα atoms of Gly77 from diagonally opposed monomers ([Fig. 1 A](#fig1){ref-type="fig"}): the distance is 5.5 Å for the constricted conformation and 8.1 Å for the conductive conformation ([@bib66]).

![**The conformational indicators for the selectivity filter and the intracellular gate, and spontaneous constriction of the selectivity filter with fully open intracellular gate. (A)** The selectivity filter and the intracellular gate with distinct opening degrees in major functional states. The orange spheres represent Cα atoms of Gly77 and Thr112. The opening of the selectivity filter and the intracellular gate are, respectively, measured by the cross-subunit distance between the Cα atoms of Gly77 or Thr112 from diagonally opposed monomers. **(B)** Time series of the cross-subunit distance between the Cα atoms of Gly77 of diagonally opposed monomers A and C (red), and B and D (green) for five simulations started from the fully open crystal structures (3F7V and 5VK6). Two levels representing conductive and constricted states are illustrated in dashed line (n.b., the trace of Traj-4 looks thinner because it was performed on Anton with frames saved less frequently). **(C)** Transition of the selectivity filter from a canonical conductive to a typical constricted conformation. Left: Overlay of a conductive snapshot (taken at 250 ns from Traj-1) with the x-ray structure 1K4C of the KcsA channel with a closed intracellular gate (gray). Right: Overlay of a constricted structure (taken from the last snapshot of Traj-1) with the x-ray structure 1K4D of the KcsA channel at low K^+^ with closed intracellular gate (gray). The red spheres indicate the position of the water oxygen in the crystal structures, and the wireframe represents the occupancy (50%) map of water molecules around the selectivity filter in either the conductive or constricted phase of Traj-1 with an open intracellular gate.](JGP_201812082_Fig1){#fig1}

As observed in [Fig. 1 B](#fig1){ref-type="fig"}, in all trajectories, the selectivity filter remains in the conductive state for a period of time until it spontaneously undergoes a rapid transition toward the constricted conformation. A similar conductive-to-constricted transition is consistently observed in the first four independent trajectories. Because the simulations of the channel with a conductive filter and open inner gate are based on models built from crystallographic structures, a legitimate question is whether the rapid constriction reflects a genuine conformational transition. In this regard, an important observation is that the filter remains conductive for at least 200--300 ns, indicating that the conformations represented by the models are genuinely metastable ([Fig. 1](#fig1){ref-type="fig"}). Furthermore, comparison of the x-ray structure of the open-inactivated state (3F7V) with the open/conductive state for the noninactivating mutant E71A (5VK6) shows that the backbone atoms have essentially the same coordinates in both structures, while simulations of the open/conductive state remain very close the x-ray open-conductive state (5VK6; Fig. S1). An additional simulation (Traj-5) started from an open/conductive structure (5VK6; E71A mutant has been reversed to WT) also constricts within 1 µs, albeit fluctuates longer than the first four trajectories. Following this transition, the selectivity filter remains stable in the constricted conformation.

As shown in [Fig. 1 C](#fig1){ref-type="fig"}, the conductive filter at the beginning of the trajectories is similar to that of the x-ray structure of KcsA with a closed intracellular gate (1K4C), and the constricted filter conformation after the conformational transition is similar to that of the low-K structure of KcsA with a closed intracellular gate (1K4D). Video 1 shows the conformational transition from Traj-1. To the best of our knowledge, these trajectories are the first displaying a spontaneous conductive-to-constricted filter transition of an open K^+^ channel.

From the conductive-to-constricted transition, a small number of water molecules bound behind the filter of the KcsA channel spontaneously form four short water wires behind the selectivity filter. As shown in [Fig. 1 C](#fig1){ref-type="fig"}, these inactivating water molecules spontaneously occupy three locations, here referred to as top, middle, and bottom sites ([@bib49]), which match precisely the position of three crystallographic water molecules in the KcsA low-K structure (1K4D) as well as in a recent high-resolution structure of the open-inactivated channel ([@bib17]). It is worth emphasizing that the simulations (Traj-1--4) were performed before the high-resolution structure was available. The overall pathway taken by the inactivating water molecules to reach their position behind the filter of each subunit can be visualized by backtracking their trajectory from these sites (Fig. S2). The binding of these three inactivating water molecules is indispensable to stabilize the constricted conformation ([@bib49]; [@bib63]). In contrast, a single water molecule occupies one location near the extracellular side when the filter is in the conductive conformation ([Fig. 1 C](#fig1){ref-type="fig"}), matching the position of one crystallographic water molecule in the KcsA structure (1K4C).

A notable aspect of the transitions is that all of the four subunits of the selectivity filter end up being occupied by the three inactivating water molecules at the same sites once they adopt the stable constricted conformation. The presence of a water molecule at the bottom site behind one subunit facilitates the cooperative constriction of neighboring subunits, as shown from a close-up view in [Fig. 2](#fig2){ref-type="fig"} that the buried inactivating water molecules and the protein form an extensive hydrogen bonding network. Namely, the water molecule occupying the bottom site forms hydrogen bonds with the Gly77 amide group within one subunit, and with the carbonyl oxygen of Val76 from the neighboring subunit. The hydrogen bond network significantly increases stability of the constricted conformation of the selectivity filter. The probability of both Gly77 amide and V76 carbonyl oxygen to form hydrogen bonds with water is above 60%, forming a stable ring-like hydrogen bond network among four subunits as shown in [Fig. 2](#fig2){ref-type="fig"}. In addition, more hydrogen bonds could be formed between the "bottom" water and E71 carbonyl oxygen, as well as the middle water and amide group from either Tyr78 or Gly79. All of these hydrogen bonds form a more complicated network to increase the free energy barrier substantially for the recovery of C-type inactivation.

![**Ring-like hydrogen bonding network to stabilize the constricted structure. (A and B)** Representative snapshot displaying this network formed by the buried water (van der Waals \[vdW\] representation) at the "bottom" site, Gly77 amide, and the carbonyl oxygen of Val76 from four subunits (stick representation), from bottom view (A), and side view (B).](JGP_201812082_Fig2){#fig2}

The flipping of the carbonyl oxygen of Val76 to form a hydrogen bond with the water molecule is a key step for the conductive-to-constricted transition. It is notable that this carbonyl oxygen always coordinates a permeating K^+^ ion when the filter adopts the canonical conductive conformation (1K4C). This phenomenon could be considered as a competitive inhibition of the K^+^ ion binding in S2 and S3 sites by inactivating water. It provides explanations to why upon removal of external K^+^ recovery from inactivation is slowed ([@bib38],[@bib39]; [@bib22]; [@bib26]), and the rate of C-type inactivation is decreased with increasing external K^+^ in potassium channels ([@bib43]).

Filter constriction as a function of inner gate opening {#s06}
-------------------------------------------------------

To further explore the dynamical stability of the conductive selectivity filter, a series of microsecond-scale MD simulations were performed with various degrees of intracellular gate opening. The Cα--Cα cross-subunit distances of Thr112 along the second transmembrane helix TM2 ([Fig. 1 A](#fig1){ref-type="fig"}) is used to monitor the width of the intracellular gate ([@bib16]). Channels with a closed (width of 11 Å), partially open (width of 14 and 16 Å), and fully open (width of 22 and 23 Å) intracellular gate were simulated ([Table 1](#tbl1){ref-type="table"}). Except structures with fully open intracellular gate mentioned above, the channel with the closed intracellular gate corresponds to the x-ray structure 1K4C, whereas the channel with a partially open intracellular gate is modeled on the basis of the x-ray structures 3FB5 and 3FB6. The results are shown in [Fig. 3](#fig3){ref-type="fig"}.

![**The differentially conformational and dynamic behaviors of the selectivity filter of KcsA with various opening degrees of the intracellular gate.** Time series of the cross-subunit distance between the Cα atoms of Gly77 (first panel) or Thr112 (second panel) of diagonally opposed monomers A and C (red), and B and D (green), and the number of water behind the selectivity filter within subunit A (third panel) and B (fourth panel). Fifth panel: The first and last snapshots for the selectivity filter of corresponding trajectories. The backbone and the selectivity filter are represented as stick model, and both of ions and water molecules are in vdW representation. Only two opposite monomers are shown for clarity. Although multiple simulations have been performed as shown in the [Table 1](#tbl1){ref-type="table"}, here only a typical trajectory is selected from the same crystal structure, i.e., 1K4C (Traj-11), 3FB5 (Traj-9), 3FB6 (Traj-8), and 3F7V (Traj-1). In all cases, the K^+^ concentration (0.15 or 0.2 M) is very similar to physiological condition.](JGP_201812082_Fig3){#fig3}

The unbiased MD trajectories show that the conformational propensity of the selectivity filter progressively shifts from conductive to constricted upon the opening of intracellular gate. As discussed above, the selectivity filter rapidly undergoes a spontaneous conductive-to-constricted transition when the intracellular gate is fully open (Traj-1). In contrast, the conductive conformation of the selectivity filter is extremely stable when the simulation is started with a closed intracellular gate (Traj-11). The selectivity filter maintains a stable conductive conformation when the intracellular gate is partially open with a width of 14 Å (Traj-9), whereas it displays larger fluctuations and twisted conformations when the intracellular gate is partially open with a width of 16 Å (Traj-8). In this case, the width of the intracellular gate expands slowly, as shown in the distances for pair of subunits stuck around 18 Å and 20 Å. Thus, the constricted conformation of the selectivity filter appears to be favored with a fully open intracellular gate, whereas the conductive conformation of the filter is preferred with a closed gate.

The conformational preference of the selectivity filter in the presence of a partially open intracellular gate is, however, more difficult to assess with confidence from such unbiased trajectories. 2D-PMFs were calculated using US/H-REMD simulations as a function of the Cα----Cα cross-subunit distance of Gly77 in the filter (r) and the position of the external K^+^ ion along the pore axis (z). Controlling the K^+^ ion in the US/H-REMD calculations is necessary for computational efficiency because its movements through the binding sites S0-S1-S2 is tightly coupled with the constricted-to-conductive transition of the filter ([@bib49]). The 2D-PMF was determined for a partially open intracellular gate (15 Å) and a fully open intracellular gate (23 Å). In contrast from the restricted potential of mean force (PMF) previously reported ([@bib49]), no restraint was applied on the inactivating water molecules to allow them to equilibrate over the different sites behind the filter.

The calculated 2D-PMFs shown in [Fig. 4](#fig4){ref-type="fig"} clearly display the relative population shift of the conductive and constricted conformation as a function of intracellular gate opening. When the intracellular gate is only partially open, there is a local free energy basin around r = 8.5 Å, corresponding to the conductive state. In contrast, when the intracellular gate is fully open, there is a local free energy basin at r = 5.5 Å, corresponding to the constricted state. Thus, with a fully open intracellular gate, the selectivity filter would be expected to spontaneously transit from the conductive to the constricted conformation, as this process goes downhill on the free energy surface. These observations are consistent with the results from the unbiased simulations shown in [Figs. 1](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"} and also in agreement with single molecule fluorescence experiments on KcsA revealing that a small fraction of channels with an open intracellular gate were conductive ([@bib7]). It should be noted that the large free energy barrier of 6--7 kcal/mol in the 2D-PMF of the partially open channel (15 Å) pertains only to the constricted-to-conductive transformation of the filter and the binding of one K^+^ ion; it does not correspond to the multi-ion translocation process that supports ion conduction ([@bib48]).

![**2D-PMF to assess the conformational preferences of the selectivity filter with partially and fully open intracellular gate.** The horizontal reaction coordinate r describes the width of the selectivity filter and is defined as the average cross-subunit pinching distance between the Cα atoms of Gly77. The vertical reaction coordinate z indicates the position of the external K^+^ ion along the z axis relative to the center of the selectivity filter. The lower panel is the one-dimensional PMF along horizontal reaction coordinate r, with integration of the vertical reaction coordinate z. The typical conformations (left) for three free energy basin are shown in stick for protein and vdW representation for both water and K^+^ ion.](JGP_201812082_Fig4){#fig4}

Channel permeability in voltage-driven simulations {#s07}
--------------------------------------------------

To ascertain the ion permeability of both partial and fully open structures, nonequilibrium MD simulations were performed in the presence of a transmembrane potential (300 mV). With the fully open gate (23 Å), the selectivity filter spontaneously constricted within 30 ns ([Fig. 5](#fig5){ref-type="fig"}), and no conduction event was observed after constriction, consistent with the equilibrium simulations ([Fig. 1 B](#fig1){ref-type="fig"}) and the PMF ([Fig. 4](#fig4){ref-type="fig"}). The ion concentration of these simulations was increased to 1 M to increase the number of permeation events. The selectivity filter in the fully open structure still constricts under such a high ion concentration, suggesting that gate opening has a dominant impact on the conformational preference of the selectivity filter. With the partially open gate (17 Å), 2 permeation events were observed within 100 ns, indicating that both the intracellular gate and the selectivity filter allow ion conduction. It is worth noting that [@bib23] recently argued on the basis of PMF calculations that the free energy barriers along the selectivity filter of the closed KcsA channel (1K4C) were too large to be compatible with the concept of rapid ion conduction, but the free energy barriers along the filter of the channel became smaller, and thus, more compatible with rapid ion conduction once the intracellular gate was opened. Although the notion of a nonconductive selectivity filter when the gate is closed is intriguing, it is important to keep in mind that the rate of ion permeation is exquisitely sensitive to the force field and that conclusion about free energy barriers from computational models must be considered with caution ([@bib4]; [@bib21]; [@bib27]; [@bib35]; [@bib48]; [@bib23]). Whether at this point any of the current molecular mechanical force field is sufficiently accurate to quantitatively match experimental channel conductance is unclear. For this reason, we limit the present discussion to the conformational aspects of gating/inactivation in the KcsA channel.

![**Permeability of partially and fully open structures in the presence of external voltage (300 mV) and high K^+^ ion concentration (1 M).** Top: Traces of K^+^ ions (blue) are shown through the selectivity filter, and the average z coordinates of carbonyl oxygens of G79, Y78, G77, V76, and T75, and hydroxyl oxygen of T75 are respectively shown in red lines to indicate the position of K^+^ binding sites. Bottom: Time series of the cross-subunit distance between the Cα atoms of Gly77 of diagonally opposed monomers. These simulations reveal that both the selectivity filter and intracellular gate are permeable for K^+^ ions in a partially open structure, whereas the filter constricts (RMSD drops to 0.6 Å using 1K4D selectivity filter backbone as reference) in a fully open structure.](JGP_201812082_Fig5){#fig5}

Key residues responsible for allosteric coupling {#s08}
------------------------------------------------

Cross-talk between activation gate (intracellular gate) and inactivation gate (selectivity filter) was first revealed by EPR spectroscopy, where opening of the intracellular gate leads to subtle conformational changes in the pore helix and outer vestibule ([@bib52]; [@bib15]). Based on a series of crystal structures, the allosteric coupling between the intracellular gate and the selectivity filter of the KcsA channel was characterized as a mechanical correlation between the degree of gate opening and ion occupancy of the selectivity filter ([@bib15],[@bib16], [@bib17]). NMR studies provided further evidence that the activation/inactivation coupling is bidirectional ([@bib2]; [@bib25]; [@bib64]; [@bib65]). Indeed, the coupling between two gates of voltage-activated channels has also been explained as a long-range allosteric ([@bib51]; [@bib57]). The present results indicate that the selectivity filter allows a stable conductive conformation for a partially open intracellular gate, up to a certain threshold, beyond which a conformational change toward the constricted state is triggered. The allosteric coupling between the selectivity filter and the intracellular gate arises from van der Waals contacts between the inner end of the selectivity filter (T74 and T75) and two residues located along the TM2 helix, Phe103 and Ile100 ([@bib15]; [@bib50]). Based on [Figs. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [6](#fig6){ref-type="fig"}, the threshold corresponds to a distance of 14 Å between the Thr112 of adjacent subunits (equivalent to 20 Å for the diagonally opposed subunits).

![**Correlation between inner gate opening and local conformational rearrangement of Phe103, Ile100, and Thr74. (A and B)** Critical conformational difference between partially (A) and fully (B) open structure for the transmembrane helices and the selectivity filter. **(C--H)** Probability densities of three ensembles, respectively, were determined by combining several trajectories started from three crystal structures, i.e., two trajectories (Traj-9 and -10) started from 3FB5 (green), three trajectories (Traj-6--8) from 3FB6 (blue), and four trajectories (Traj-1--4) from 3F7V (red), to represent the opening degrees from partially to fully open of the inner gate. The probability density functions of these Cα-atom distances and rotamers were estimated by using kernel density estimation based on the sample distributions. In C, D, and F, the histograms correspond to the distances, i.e., T112-T112, T74-I100, and I100-F103, between adjacent subunits (as opposed to diagonally opposed cross-subunit distance discussed used elsewhere) because they yield a clearer picture for the allosteric coupling due to the key inter-subunit contacts from adjacent subunits.](JGP_201812082_Fig6){#fig6}

Examination of the current trajectories corresponding to different degrees of opening of the intracellular gate show a clear correlation between the opening of the intracellular gate and the local structural rearrangement in the vicinity of three critical residues: Thr74, Ile100, and Phe103 ([Fig. 6](#fig6){ref-type="fig"}). The analysis was performed to monitor the correlations among these critical structural elements by collecting the data from the current trajectories into three separate ensembles corresponding to different degrees of opening of the inner gate. The three ensembles capture a gradual widening of the inner gate from partially to fully open, as measured by the distance between the Cα of Thr112 from adjacent subunits along the TM2 helix ([Fig. 6 C](#fig6){ref-type="fig"}). The conditional probability distributions representing a gradual opening for the inner gate are shown in [Fig. 6, C--H](#fig6){ref-type="fig"}. As the inner gate progressively opens, the distance between Thr74 and Ile100 from neighboring subunits increases ([Fig. 6 D](#fig6){ref-type="fig"}), whereas the distance between Thr74 and Phe103 within the same subunit decreases ([Fig. 6 E](#fig6){ref-type="fig"}). Simultaneously, the distance between Phe103 and Ile100 increases ([Fig. 6 F](#fig6){ref-type="fig"}). A recent study suggests that a T75A single mutation could substantially change the inactivation property of KcsA and other potassium channels ([@bib37]). Our analysis also reveals that the side chain of T75 forms tighter contact with I100 from the same subunit upon the opening of the intracellular gate (Fig. S3). The shifts in the distribution ([Fig. 6, C--F](#fig6){ref-type="fig"}; and Fig. S3) clearly show that the local structural rearrangement of Thr74, Thr75, Ile100, and Phe103 is coupled with the opening of the inner gate.

Because of the variations in the packing of Thr74, Thr75, Ile100, and Phe103 ([Fig. 6, A and B](#fig6){ref-type="fig"}), the rotameric state of Ile100 ([Fig. 6 G](#fig6){ref-type="fig"}) and Phe103 ([Fig. 6 H](#fig6){ref-type="fig"}) side chain is also affected by the opening of the intracellular gate. The bimodal distributions of the one-side chain dihedral angle for Ile100 and Phe103 suggest that both side chains can only adopt two orientations in the compact local environment. Upon the opening of the inner gate, there is a tighter contact between Thr74 and Phe103 ([Fig. 6 E](#fig6){ref-type="fig"}), and Thr75 and Ile100 (Fig. S3), and a looser contact between Ile100 and Phe103 ([Fig. 6 F](#fig6){ref-type="fig"}). As a result, the χ~1~ side chain dihedral angle changes from −80 to −180° for Phe103 ([Fig. 6 H](#fig6){ref-type="fig"}), representing that its side chain reorients from parallel to perpendicular to the membrane normal ([Fig. 6, A and B](#fig6){ref-type="fig"}). The side chain of Ile100 also undergoes a similar reorientation ([Fig. 6, A, B, and G](#fig6){ref-type="fig"}).

The existence of specific side chain rotamers for Ile100 and Phe103, and the direct van der Waals contacts with Thr74 and Thr75, demonstrate that the side chains clash with the inner end of the selectivity filter, thereby destabilizing the conductive conformation when the intracellular gate is open. These results are consistent with previous experiments and alchemical free energy computations indicating that the F103A and I100A mutations reduce inactivation ([@bib15]; [@bib50]). This hypothesis is further validated by additional unbiased MD simulations for two mutants, F103A and I100A. In contrast with the typical behavior of the WT KcsA channel ([Fig. 1 B](#fig1){ref-type="fig"}), the F103A and I100A mutants do not undergo a rapid constriction (Fig. S4).

The constriction of the filter is also strongly correlated with its length: the Thr74-Gly79 distance is reduced when the filter adopts a constricted conformation (Fig. S5). This observation suggests that factors stabilizing a short distance will promote inactivation. Indeed, mutations affecting the hydrogen bond between Glu71 and Asp80 strongly correlate with the propensity of the selectivity filter to inactivate. Accordingly, all mutations at the position of Glu71 (E71A, E71V, E71I) reduce inactivation, with the exception of E71H, which strongly promotes inactivation ([@bib11], [@bib12]). In the present study, the clash of Phe103 with Thr74, and Ile100 with Thr75, when the intracellular gate is open acts to shorten the filter in the presence of Glu71-Asp80 hydrogen bond. The conformational response of the filter to the TM2 pushing when the gate opens is a destabilization of the (long) conductive state relative to the (short) constricted conformation. This conformational rearrangement promoted by the opening of the intracellular gate is the structural basis of C-type inactivation ([@bib15],[@bib16], [@bib17]; [@bib49]).

Slow opening of the gate dictates the apparent inactivation rate {#s09}
----------------------------------------------------------------

The conductive-to-constricted transitions from MD displayed in [Fig. 1](#fig1){ref-type="fig"} all take place within 1 µs. These simulations are all based on the truncated form of the KcsA channel in which the channel C-terminal domain (residues 125--160) has been deleted by chymotrypsin. Previous experimental studies showed that deletion of the C-terminal domain increases the rate and extent of inactivation compared with the full-length KcsA channel ([@bib15]; [@bib61]). This is recapitulated in [Fig. 7](#fig7){ref-type="fig"}, where it is observed that the macroscopic activation curve of the truncated KcsA channel decays to zero current and the inactivation time constant is 1.7 s, whereas the full-length KcsA only decays to ∼15% of the peak level and the inactivation time constant increases to 2.6 s. Fluorescence energy transfer experiments indicate that truncation of the C-terminal leads to a wider opening of the inner bundle gate upon activation compared with that of the full-length channel ([@bib15]). Furthermore, according to x-ray structures and EPR, the inner gate diameter of the full-length channel is ∼21 Å ([@bib61]; [@bib18]), smaller than with the truncated form of the channel (23 Å; [@bib15]). This increased opening leads to a faster and deeper (smaller probability of being conductive) inactivation of the selectivity filter, as the restrictions on the degree of opening of the intracellular gate from the C-terminus domain are eliminated in the truncated channel. Thus, although the truncated channel is expected to inactivate faster than the full-length construct, the dynamical lifetime of the conductive filter in MD ([Fig. 1](#fig1){ref-type="fig"}) appears to be much too short to explain the periods of ion conduction observed experimentally ([Fig. 7](#fig7){ref-type="fig"}). The inconsistency suggests that other slow processes, presumably involving the intracellular gate, underlie the kinetics of the activation/inactivation of KcsA with the deleted C-terminal that is observed experimentally.

![**Impact of KcsA activation gate opening in the absence/presence of the C-terminal domain on the degree of C-type inactivation.** Representative macroscopic current recordings elicited in response to switching the intracellular pH from 8.0 to pH 3.0 for the C-terminal--truncated (black trace) and full-length (red trace) KcsA. Inset: The time constant for C-type inactivation was obtained from single exponential fits of several independent macroscopic current recordings for the full-length (*n* = 28) and for the truncated form of KcsA (*n* = 38). The reported values are an average of the number (n) of independent experiments with the standard deviation (SD).](JGP_201812082_Fig7){#fig7}

Trajectories started from a partially open intracellular gate (width of 14 Å and 16 Å in [Fig. 3](#fig3){ref-type="fig"}) provide additional insight on the timescale for the rearrangement of the intracellular gate. Remarkably, the width of the intracellular gate either remained essentially constant or deviated slightly over the course of these microsecond trajectories (Fig. S6). The slow timescale of the intracellular gate movements is in sharp contrast with the relative fast transitions of the selectivity filter observed in [Fig. 1](#fig1){ref-type="fig"}. Considering the potential impacts of the protonation for several critical titratable residues on the intracellular gate, different combinations of the protonation states were tested in simulations ([Table 1](#tbl1){ref-type="table"}). In all the trajectories, the width of the intracellular gate either remained constant or increased slightly by 2 Å. Importantly, the intracellular gate never reached a fully open state when starting from a partially open state, in accord with previous computational observations that there are two well-defined energy barriers separating the closed, partially open, and fully open states ([@bib41]). The dynamic heterogeneity of the changes for the TM2 helices could slow down the partially to fully open conformational rearrangement further, which might be much beyond the microsecond timescale. The fluctuations of the TM2 helices of the intracellular gate do not appear to be concerted (Fig. S6), suggesting that they are not tightly coupled. A single molecule fluorescence experiment detecting the movement of separate subunits of the KcsA channel revealed the opening of four subunits is a fairly slow motion that does not take place in a single concerted step ([@bib7], [@bib8]). Furthermore, independent EPR and NMR studies revealed that there is considerable conformational heterogeneity within the open states of KcsA, which is not visible in the available crystal structures ([@bib18]; [@bib33]). A solid-state NMR study also suggests that the open-conductive state for KcsA in cardiolipin bilayers at pH 4.0 mainly exists with a partially open activation gate ([@bib62]).

Discussion {#s10}
==========

As the KcsA channel inactivates within seconds after activation, the only way one can study such a slow process with MD simulations is by breaking it down into specific steps, and then studying each of those steps separately. To make progress, we started from the widely accepted paradigm, which breaks the activation/inactivation process into two main steps. In response to the external stimulus, there is a first transition (assumed rapid) of the channel from a closed to an open inner gate while the filter is in a conductive state, followed then by a second transition (assumed slow) toward a state with a constricted filter while the inner gate remains open. The goal of our computations was to examine the dynamics and thermodynamics of this putatively slow final step, where the long-lived metastable conductive filter collapses into a constricted conformation when the inner gate is open. To our surprise, the results from MD simulations and 2D-PMF calculations did not conform to the traditional view.

It appears that the selectivity filter can remain conductive as long as the intracellular gate is partially open, but rapidly converts to a constricted nonconductive conformation on a microsecond timescale once the intracellular gate is fully open. The calculated free energy landscapes in [Fig. 4](#fig4){ref-type="fig"} show that the constricted filter is favored by a fully open gate (23 Å), whereas a conductive filter is favored by a partially open gate (15 Å). In accord with the 2D-PMFs, a spontaneous transition of the selectivity filter toward a constricted conformation was repeatedly observed within several hundred nanoseconds when the intracellular gate was fully open ([Fig. 1 B](#fig1){ref-type="fig"}). The transition of the tetrameric pore toward a fourfold symmetric constricted conformation occurs rapidly and cooperatively by virtue of a hydrogen bond network involving water molecules bound behind the selectivity filter ([Fig. 2](#fig2){ref-type="fig"}). Partially open states of the intracellular gate do not destabilize the conductive conformation of the selectivity filter, which remains stable under these conditions ([Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Nonequilibrium simulations show that such a partially open intracellular gate allows the passage of K^+^ ions through the TM2 helix bundle ([Fig. 5](#fig5){ref-type="fig"}). Once the intracellular gate is open beyond a certain threshold, however, steric clashes between the side chains of Phe103 and Ile100 along the TM2 helix and Thr74 and Thr75 at the inner end of the filter rapidly induce a conductive-to-constricted transition. The simulations also show that the dynamical rearrangements of the TM2 inner helices forming the intracellular gate take place very slowly, with multiple heterogeneous conformations.

The picture emerging from these results, illustrated schematically in [Fig. 8](#fig8){ref-type="fig"}, is that of a tighter allosteric coupling between the intracellular gate and the selectivity filter than commonly assumed (however, this view is in accord with a recent study \[[@bib60]\]). Constriction of the selectivity filter is under the direct control of the intracellular gate opening in the KcsA channel. The long-range allosteric coupling between the selectivity filter and the intracellular gate observed in the present study indicates that the selectivity filter cannot be stable for activation once the intracellular gate is fully open (width of 23 Å). Therefore, the ion conduction period observed experimentally must correspond to a channel conformation with an activation gate that is partially open (width of 16--20 Å). Once the intracellular gate is fully open, the conductive-to-constricted transition of the selectivity filter is rapid and obligatory. The short lifetime of the conductive filter with a fully open inner gate in the truncated form of the channel is inconsistent with the relatively long periods of sustained ion conduction observed experimentally ([Fig. 7](#fig7){ref-type="fig"}). This suggests that the macroscopically observed periods of ionic conduction should not predominantly correspond to channel conformations with a fully open activation gate. Based on these results, we propose that the experimentally observed ion conduction upon activation actually corresponds to conformations of the channel with a partially open intracellular gate, and the time to convert from a partially open to a fully open gate indirectly controls the rate of entry into inactivation. This is in contrast with a more traditional view of a functionally active channel with an open intracellular gate in which the conductive filter is assumed to be a long-lived metastable state. Although this conclusion was reached on the basis of simulations of the truncated form of the channel, there are reasons to believe that the same concept applies to other channels. For example, a slow fluorescence decay was observed in the voltage-activated Shaker channel that highly correlated with entry to the C-type inactivated state, and could be prevented by blocking the late transition to pore opening ([@bib32]). Future work will aim to delineate the universal aspects of the activation/inactivation process in other channels.

![**Schematic depiction of functional cycle of KcsA, and hypothetic free energy profile along activation/inactivation gating reaction coordinate. (A)** Schematic depiction of the six dominant structural states. The thickness of horizontal arrows indicates the transition probability along the direction, whereas the thickness of vertical arrows is the same as the transition probability and is dependent on external stimulus. **(B)** Hypothetic free energy profile along activation/inactivation gating reaction coordinate in the presence of external stimulus, such as pH changing, for gate opening.](JGP_201812082_Fig8){#fig8}
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